Abstract. Many metal oxides investigated for solar photocatalysis or photoelectrochemistry have band gaps that are too wide to absorb a sufficient portion of the solar spectrum. Doping with impurity ions has been extensively explored as a strategy to sensitize such oxides to visible light, but the electronic structures of the resulting materials are frequently complex and poorly understood. Here, we report a detailed photoconductivity investigation of the wide-gap II-VI semiconductor ZnO doped with Co 2+ (Zn 1-x Co x O), which responds to visible light in photoelectrochemical and photoconductivity experiments and thus represents a well-defined model system for understanding dopant-sensitized oxides. Variable-temperature scanning photoconductivity measurements have been performed on Zn 1-x Co x O epitaxial films to examine the relationship between dopant concentration (x) and visible-light photoconductivity, with particular focus on mid-gap intra-d-shell (d-d) photoactivity. Excitation into the intense 4 T 1 (P) dd band at ~2.0 eV (620 nm) leads to Co 2+/3+ ionization with a quantum efficiency that increases with decreasing cobalt concentration and increasing sample temperature. Both spontaneous and thermally assisted ionization from the Co 2+ d-d excited state are found to become less effective as x is increased, attributed to an increasing conduction-band-edge potential. These trends counter the increasing light absorption with increasing x, explaining the experimental maximum in external photon-to-current conversion efficiencies at values well below the solid solubility of Co 2+ in ZnO.
Introduction
Doping wide-gap oxide semiconductors (e.g., TiO 2 , ZnO, InTaO 4 ) with impurity ions (e.g., N ) frequently extends their photo-responses into the visible spectral range, and has been actively explored as a means of enabling such materials to become useful for conversion of solar energy into chemical or electrical potentials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Mid-gap photoactivity is usually associated with donor-or acceptor-type photoionization (or charge-transfer) transitions of the added impurity ions. Such transitions can generate one band-like charge carrier (either a conduction-band electron or a valence-band hole) by formal charge transfer from or to the impurity. The real electronic structures of such solid solutions are complex, however, and generally, little is known about the ionization potentials of the impurities relative to the bandedge potentials of the host oxides, or about the impact of impurity incorporation on these bandedge potentials.
In some cases, mid-gap photoactivity is observed that appears to result from excitation of 1968, 15 and has been investigated many times subsequently. 10, 11, [16] [17] [18] [19] [20] [21] [22] [23] This observation is unusual because photoconductivity selectively probes the excited states of a material that generate mobile charge carriers, i.e., a photocurrent. 24, 25 In semiconductors, these are generally band-to-band transitions, but may also include mid-gap impurity photoionization transitions. 28 In some studies, photo-thermal ionization has been suggested, 18, 19, 22 and in others the 4 T 1 (P) absorption band does not produce any photoconductivity signal, 23 as might have been expected for a localized d-d excitation. The precise locations of the Co 2+ ionization thresholds relative to the ZnO band edges thus remain poorly defined, although these relationships are of central importance not just to photoconductivity but also to the magnetic properties of this same material.
29-33
Theory has not resolved this aspect of the Zn 1-x Co x O electronic structure either. 34 ). This discrepancy has been explained in terms of increased electron scattering at large x coming either from impurity phase segregation 21 or from reduced crystallinity. 10 Complicating the interpretation of this observation is the fact that prior studies have focused on polycrystalline Zn 35 Similar films prepared by this method have been characterized in detail elsewhere. [35] [36] [37] [38] Briefly, epitaxial films of Zn 1-x Co x O were obtained from deposition onto both csapphire and r-sapphire. Atom-specific x-ray linear dichroism measurements on a set of films grown under identical conditions to those used here reveal that in excess of 95% of all cobalt dopants are at fully-coordinated zinc sites. Although grain boundaries are present due to lattice mismatch with the substrate, fewer than 5% of the cobalt dopants are located on internal surfaces associated with grain boundaries. 37, 38 High-resolution X-ray diffraction (XRD) measurements exhibited narrow peak widths (0.057 -0.139° θ), indicative of well-ordered crystallinity with little mosaic spread. X-ray absorption spectra confirm that Co 2+ substitutes for Zn 2+ in these films. High-resolution TEM images show sharp and abrupt c-Zn 1-x Co x O/c-sapphire interfaces without misfit dislocations; the misfit strain is accommodated by grain boundaries between columns. For a-Zn 1-x Co x O on r-sapphire, the smaller lattice mismatch results in column-free growth with misfit dislocations at the ZnO/sapphire interfaces. No evidence has been found for any impurity phases within the detection limits of x-ray diffraction, x-ray absorption spectroscopy, and transmission electron microscopy. Energy-dispersive x-ray spectroscopy (EDX) did not detect cobalt segregation to the film surface or interface. Additional details are provided in refs. 35-38. Photoconductivities of these epitaxial films were measured following methods detailed in Ref. 22 . Briefly, indium-wrapped copper contacts were placed ~1 mm apart onto the surface of a film, voltage was applied (for all spectra shown, the applied voltages were 20 V), and the sample was excited from the front side with monochromatic light. A tungsten-halogen lamp dispersed through a 0.3 m monochromator equipped with a 600 gr/mm grating blazed at 500 nm was used as the excitation source. All data have been corrected for the lamp and monochromator output. Samples were excited using chopped (20 Hz) illumination, and photocurrents were detected using a Stanford Research SR830 lock-in amplifier. It was previously demonstrated that AC and DC photoconductivity measurements on such films yield very similar results. 22 Variable-temperature photoconductivity measurements were performed using a Janis optical cryostat with the sample in flowing helium or nitrogen gas. Electronic absorption measurements were performed on a Cary 500 spectrophotometer (Varian). Interference fringes in electronic absorption spectra were corrected using the method of Ref. 39 . The electronic absorption and photoconductivity data shown here are from measurements performed on the same films, except in the case of the Zn 0.96 Co 0.04 O film, which was grown on a substrate polished only on one side. For this case, the absorption spectrum of another film with approximately the same x and film thickness is shown. 
Results and Analysis
.0 eV (using term symbols of the parent tetrahedral point group). 41, 42 Spin-orbit coupling splits this d-d band into four major components and also enables mixing of these components with the nearby doublet d-d states arising from the 2 G free-ion term, allowing the latter to gain electric dipole intensity in the electronic absorption experiment. 41, 42 Because the electric dipole intensity of this band derives from its 4 A 2 → 4 T 1 character, we refer to the entire absorption feature as the 4 T 1 (P) band. 43 (iv) Xiao et al. 44 The dotted and dashed lines show linear best fits given by E g (eV) = 3.29 + 2.305x (·····) and E g (eV) = 3.41 + 3.56x (----).
A plot of the integrated L VB MCT intensity versus the integrated 4 
intensity yields a linear relationship (Fig. 1a(inset) ), as expected for two Co The latter has been observed in photocurrent measurements 11 but has a very low oscillator strength and hence is not readily distinguished from the baseline by electronic absorption spectroscopy. The remainder of this study will focus on understanding the photoconductivity observed with 4 T 1 (P) excitation. (Fig. 3a , adapted from Ref. 35 ) have been aligned assuming that the Fermi energy is close to the CB in these n-type films, which puts the Zn 2+ 3d peak at 10.04 eV. 35 Figure 3b shows an expanded view of the VB-XPS spectra near the onset of VB intensity. Addition of Co 2+ leads to new XPS intensity inside the ZnO gap, suggesting the presence of Co 2+/3+ donor levels above the valence band, as illustrated in Fig. 3c (left) . Figure 3d shows room-temperature photoconductivity spectra of ZnO and Zn 1-x Co x O (x = 0.04) epitaxial films on the same energy scale as Fig. 3b . Photoconductivity measurements also show new intensity within the ZnO gap upon the introduction of Co
2+
. The similarity between the photoconductivity and VB-XPS spectra provides strong evidence supporting association of this mid-gap photoconductivity with a Co 2+/3+ donor-type ionization transition, 11, 22, 30 as shown in Fig.   3c (right). As illustrated schematically in Fig. 3c , whereas VB-XPS probes the promotion of electrons from occupied orbitals to form high-energy continuum states, photoconductivity can probe excitation of the same electrons to the CB, and both experiments therefore yield complementary information about the relationship between VB and dopant ionization energies.
Photoconductivity is additionally sensitive to acceptor-type ionization transitions, but these occur at higher energies (>~2.8 eV, see Figure 4a shows the electronic absorption spectra of the four films, normalized for film thickness and corrected for interference fringes to the greatest extent possible. As expected, the 4 A 2 → 4 T 1 (P) d-d absorption increases in proportion to x in these films (Fig. 4a,b) , i.e., films with greater x have a greater light harvesting efficiency (LHE) in the d-d spectral region. (Fig. 4c,d ). Plotting the photoconductivity QE in the 4 T 1 (P) energy range vs x (Fig. 4d) -photoionization electronic excited states. As described in Fig. 1 Fig. 1 ). This x-dependence impacts both the thermodynamic driving force for Co 2+ ionization and the ionization kinetics.
The data in Fig. 6a were modeled using an Arrhenius expression (eq 1) to describe the temperature-dependent transition probability for 4 T 1 (P) ionization (i.e., the transition between the Co 2+ 4 T 1 (P) and Co 2+/3+ ionization potential energy surfaces). To account for the temperature dependence of the conduction-band-edge potential, the temperature dependence of the activation barrier to donor-type ionization from the 4 T 1 (P) state (E a (T)) is described using the known [54] [55] [56] Varshni-like temperature dependence of the ZnO energy gap modified to reflect only the shift in the conduction band. 22 We assume that all samples are describable using the same known
Varshni behavior of ZnO.
The data in Fig. 6a were fitted to eqs 1 and 2 with E a (0) and the scaling pre-factor (A) as the only adjustable parameters. E a (T) (and hence also E a (0)) is defined by the curvature of the photoconductivity temperature dependence and is relatively independent of A. The fitting results are plotted in Fig. 6 . From these analyses, the barrier to 4 T 1 (P) ionization increases continuously from E a (0) = 38 ± 5 meV (x = 0.008) to 98 ± 17 meV (x = 0.11) over this series of concentrations, as plotted in Fig. 6b . The trend line fit to these activation energies is also shown in Fig. 6b and follows E a (0, x) = (588x + 27) meV. Fig. 1a) . 43, 45, 57 Because cation substitution predominantly influences the conduction band (which is primarily cation 4s in its orbital composition), the blue shift of the exciton is largely due to a comparable shift in the conduction-band-edge potential. As a result of the rising conduction band potential, the Co 2+/3+ donor-type ionization also shifts to higher energy with increasing x. In contrast, the highly localized
remains almost constant over this concentration range, 45 making transfer of an electron from photoexcited Co 2+ to the conduction band less favorable at higher x.
From these observations, a phenomenological ionization coordinate diagram is proposed (Fig. 7) whose key features are the relative energies of the 4 T 1 (P) and Co 2+/3+ ionization states (ΔE 0 ) and the energy barrier (E a ) between them, both of which depend on x. At x = 0.008, the 4 T 1 (P) manifold resides above the Co 2+/3+ ionization threshold at 50 K (small x in Fig. 7 photoionization potential energy surfaces. Both direct and thermally assisted photoconductivity is observed following 4 T 1 (P) excitation. Thermally assisted photoconductivity is diminished at high x, where the conduction-band edge has moved higher in energy, and at low temperatures. The question arises whether inter-dopant sensitized ionization can be achieved in co-doped oxides, which could provide a mechanism for separating light absorption from charge separation to improve overall photoactivity. Finally, the present results highlight the need for accurate experimental and theoretical assessment of the energies and intensities of mid-gap dopantcentered photoionization transitions, and the responses of such transitions to such basic parameters as temperature and alloy composition. Among the rich electronic transitions displayed by doped semiconductors, photoionization transitions have the greatest impact on photochemistry, photoelectrochemistry, photoconductivity, and even magnetism, yet remain the least thoroughly explored.
Summary

